Abstract Oxidation of methionine (Met) to Met sulfoxide (MetSO) is a frequently found reversible posttranslational modification. It has been presumed that the major functional role for oxidation-labile Met residues is to protect proteins/ cells from oxidative stress. However, Met oxidation has been established as a key mechanism for direct regulation of a wide range of protein functions and cellular processes. Furthermore, recent reports suggest an interaction between Met oxidation and O-phosphorylation. Such interactions are a potentially direct interface between redox sensing and signaling, and cellular protein kinase/phosphatase-based signaling. Herein, we describe the current state of Met oxidation research, provide some mechanistic insight into crosstalk between these two major posttranslational modifications, and consider the evolutionary significance and regulatory potential of this crosstalk.
Introduction
As an inevitable consequence of aerobic metabolism, cellular components sustain damage from reactive oxygen species (ROS). Proteins are major targets for oxidative modifications, which often cause loss of function that is manifested in a variety of pathophysiological conditions including aging (Curtis et al. 2012) . Consequently, oxidative stress is a major determinant of cellular fate, and is involved with cellular malfunction, disease, and death. Proteins can be oxidatively modified by a number of mechanisms at a variety of amino acid residues (Møller et al. 2007 ). Oxidized proteins can be effectively repaired or recycled when there is a low level of oxidative damage; however, more extensive oxidative damage leads to protein aggregation and cellular dysfunction (Aiken et al. 2011) . Carbonylation, for example, is an irreversible modification induced by severe oxidative stress that can affect several amino acid residues (e.g., Arg, Lys, Pro, and Thr). Protein carbonylation results in irreversible loss of function (Møller et al. 2011) ; although more recently, regulatory and signaling functions in cellular homeostasis have additionally been attributed to carbonylation (Curtis et al. 2012) .
While most oxidative modifications are nonenzymatic and irreversible, two modifications-oxidation of Cys to cystine and Met to Met sulfoxide (MetSO)-are enzymatic and reversible. The roles of Cys-oxidation in protein folding and structural stability are manifold (Wedemeyer et al. 2000; Trivedi et al. 2009 ), and more recently, there has been an increased appreciation of the potential for Cys oxidation/ reduction as a component of cellular signaling pathways (Balsera et al. 2014; García-Santamarina et al. 2014; Kim et al. 2014a, b) . Furthermore, many enzymes have an activesite Cys residue (e.g., Waszczak et al. 2014 ). In contrast, there is no established catalytic role for Met, and the structural role of Met can often be replaced by any other hydrophobic residues (Ile, Leu, Phe, and Val; Levine et al. 1996; Rao et al. 2013) . Thus, reversible Met oxidation has a separate, distinct, and more specific regulatory potential.
Met oxidation is common
There is a widespread anecdotal belief that Met oxidation in proteins is an artifact of sample preparation (Potgieter et al. 1997) . However, the position of MetSO in proteins has a preference for neighboring polar residues indicating a nonrandom pattern (Ghesquière et al. 2011) . Based on synthetic MetSO-containing peptides and structural modeling of the MetSO reductase A (MsrA) catalytic center, Ghesquière et al. (2011) concluded that sequence specificity of cellular reductases is the major determinant for the steady-state MetSO/Met. The occurrence of an Arg or Lys residue at the −1 position from MetSO allows the formation of an additional H-bond, which promotes binding of the client protein by MsrA and preferential reduction of MetSO to Met. Conversely, a negatively charged amino acid, such as Asp at the −1 position does not allow the formation of the stabilizing H-bond. This likely explains the strong preference for a negatively charged residue at the −1 position from MetSO observed by Ghesquière et al. (2011) . Using
18
O stable-isotope labeling to discriminate analytical artifacts, Liu et al. (2013) have verified the occurrence of bona fide, physiological MetSO in target proteins.
Recent reports suggest that Met oxidation in proteins can be extensive. For example, Ghesquière et al. (2011) identified 2626 instances of MetSO in 1655 proteins from Jurkat cells stressed with hydrogen peroxide. This does not, however, mean that Met oxidation is predominantly found in proteins from stressed cells. Salvato et al. (2014) identified 1373 MetSO sites in 447 proteins (∼40 % of identified proteome) as well as the occurrence of an MsrA and an MsrB in mitochondria from potato tubers. In these analyses, the plant material had been stored under standard commercial conditions which are considered to be "unstressed." The proteins were denatured and resolved under reducing conditions, and immediately processed for in-gel digestion in the presence of DTT to minimized oxidative modifications. It is notable that mitochondria are the major site of cellular ROS production (Møller 2001; Brand 2010) . Song et al. (2012) reported hundreds of oxidized Met residues within thousands of phosphopeptides identified from human liver.
Although most protein amino acid side-chains can be oxidized provided the treatment is sufficiently harsh, Met (and Cys) residues are readily oxidized by even quite mild oxidation agents such as hydrogen peroxide (Shacter 2000) in proteins, and MetSO production therefore often precedes more severe oxidative damages to other amino acid residues (Luo and Levine 2009 ). It has been proposed that Met residues act as antioxidants that can protect proteins and cells against oxidative stress. In this capacity, it has been termed a "molecular bodyguard" (Levine et al. 1996; Luo and Levine 2009 ). While surface-exposed residues are the most readily oxidized (Levine et al. 1996) , most Met residues in proteins are susceptible to oxidation. Local protein backbone flexibility facilitates oxidation of buried Met residues (Xu et al. 2012) . There is, of course, a limit to the capability of the molecular bodyguard and the accumulation of "excessive" MetSO residues has been implicated in aging (Stadtman et al. 2005 ).
Met oxidation is reversible
Oxidation of Met is reversible (Hoshi and Heinemann 2001) , a critical attribute for participation in dynamic regulation of protein function. There are two structural forms or diastereomers of MetSO, S-and R- (Khor et al. 2010 ). The enzyme MsrA reduces both free and protein-associated S-forms of MetSO, whereas MsrB reduces only the proteinassociated R-form. A third enzyme, fRmsr, reduces the free, nonprotein R-form of MetSO (Lee et al. 2009 ). The MsrA enzyme has been shown to regulate protein function in the context of the redox environment. MsrA-null mice are sensitive to oxidative stress and neurological disorders (Moskovitz 2005) . If MetSO is not reduced by MsrA/B, further oxidation yields Met sulfone (MetSO 2 ) and irreversibly damages proteins (Hoshi and Heinemann 2001) .
It is generally believed that the conversion of Met to MetSO is nonenzymatic, catalyzed by ROS. However, Lim et al. (2011) recently reported that MsrA, which reduces the S-epimer of MetSO, can also function as a Met oxidase in catalyzing the forward reaction of Met to S-epimer of MetSO (Fig. 1) . The ability of the same protein to catalyze both forward and reverse reactions is not without precedent. For example, haloalkaliphilic bacterial arsenate reductase can also function as an oxidase (Richey et al. 2009 ). It is not yet clear if MsrA functions as an oxidase by a reversible covalent modification-induced conformational change and/or by interaction with a regulatory protein (Lim et al. 2011) . Additionally, whether Met oxidase requires an oxidative context to catalyze the forward reaction is unknown.
Met oxidation can directly regulate protein function
The underlying molecular mechanisms that explain changes in protein function directly caused by Met oxidation have been previously reviewed (e.g., Levine et al. 2000; Drazic and Winter 2014; Kim et al. 2014a) , and will only be addressed briefly herein. Apart from a general antioxidant role, Met functions through an oxidation/reduction cycle (Levine et al. 1996 (Levine et al. , 2000 Stadtman et al. 2002) . The roles of reversible Met-oxidation in controlling cellular functions have been previously reviewed (Levine et al. 2000; Drazic and Winter 2014; Kim et al. 2014a, b) , and will not be further elaborated herein. Instead, our intent is to focus on cross-talk between reversible Met oxidation and reversible O-phosphorylation (phosphorylation of the -hydroxyl group of Ser/Thr/Tyr), including effects on kinase/phosphatase activities. It is, however, important to highlight an exceptional recent observation. Previously, the invariant sequence of events began with oxidation of Met to MetSO ultimately leading to inhibition/ inactivation of downstream events. However, recently, an instance was reported where Met oxidation led to the activation of a protein function. The oxidation of multiple Met residues in the hypochlorite-responsive transcription factor (HypT) was found to stimulate the role that it plays in preventing hypochlorite-induced stress in Escherichia coli (Drazic et al. 2013) . Based upon the results from structural modeling of HypT, and comparison with the redox active and structurally similar E. coli transcription factor OxyR, the authors speculated that oxidation-mediated conformational rearrangements in HypT alter contacts within the dimer/ tetramer interface and facilitate binding to target DNA. Downstream effects of HypT involve downregulation of ion acquisition and maintenance of intracellular ion levels.
Crosstalk between Met oxidation and O-phosphorylation
While reversible Met oxidation is an effective mechanism to directly regulate many protein activities, interactions (or crosstalk) with other PTM has the potential for a far broader dynamic control of protein activities and cellular processes (Rao et al. 2013 ). An obvious candidate for such a crosstalk would be O-phosphorylation, the most well-known PTMbased signaling mechanism. Additionally, such crosstalk has the potential for coupling oxidative signals with mainstream regulation and signaling.
The interplay between O-phosphorylation and redoxdependent signaling based on Cys oxidation is well established (Chiarugi and Buricchi 2007) . While both modifications are reversible, their effects on protein Tyr-kinase and phosphatase activities are often in opposition. Cys-oxidation frequently results in the activation of Tyr-kinase activity, but typically causes inhibition of Tyr-phosphatases. A similar interplay involving reversible Met oxidation has only recently come to light (Table 1) . Kanayama et al. (2002) were perhaps the first to report a possible interaction between Met oxidation and Ser phosphorylation. They observed that Met45 of IκBα in Jurkat cells treated with taurine chloramine could be oxidized, and, when converted to MetSO, the protein was resistant to proteolysis. There are at least two possible explanations /CaM-dependent autophosphorylation of nearby Thr287 that is required for activation of CaMKII. A mouse mutant lacking msrA showed increased CaMKII oxidation and exacerbation of the effect of myocardial infarction. In a related study, Snijder et al. (2011) showed that oxidation of Met144 and 145 in CaM inhibits interaction with CaMKII. Although no phosphorylation is involved in this instance, Met oxidation affects the kinase recognition.
The transient receptor potential melastatin type 6 (TRPM6) protein is primarily found in kidney and colon cells, where it is involved with Mg 2+ homeostasis (van der Wijst et al. 2014 ). This channel protein includes an α-kinase domain, and oxidation of Met1755 within this domain inhibited channel activity in response to H 2 O 2 treatment (Cao et al. 2010) . While the direct mechanism of this inhibition remains obscure, TRPM6 activity requires that the ATP-binding motif within the α-kinase domain be occupied. Co-expression of MsrB1 rescues TRPM6 activity, suggesting that reversible oxidation of Met1755 regulates ATP binding and this underlying control mechanism. Oien et al. (2009 Oien et al. ( , 2011 reported that Met oxidation inhibits the in vitro phosphorylation of yeast or mouse α-synuclein by casein kinase. Furthermore, msrA-null mutants showed lower degradation of α-synuclein protein. Two studies (Hardin et al. 2009; Miernyk et al. 2009 ) have specifically tested the effect of Met oxidation on the subsequent phosphorylation of nearby Ser residues. Using a multiple combinations of synthetic peptides and recombinant kinases, Hardin et al. (2009) found that Met oxidation strongly inhibits phosphorylation in vitro. They additionally found evidence for an in vivo effect of Met oxidation on the Ser534 phosphorylation of Arabidopsis thaliana leaf nitrate reductase (NR). Oxidation of the +4 Met residue, which serves as a hydrophobic recognition element for the kinase, markedly inhibited phosphorylation. In a related study, also using synthetic peptides and a recombinant kinase, Miernyk et al. (2009) There are currently relatively few explicit instances of crosstalk between Met oxidation and O-phosphorylation (Table 1). However, the common occurrence of Met adjacent to Ser/ Thr/Tyr residues (Rao et al. 2013 ) and the frequent occurrence of MetSO (Ghesquière et al. 2011; Liu et al. 2013; Salvato et al. 2014) near O-phosphorylation-sites (Song et al. 2012) suggests that crosstalk between these two PTM's is widespread. (Hardin et al. 2009; Miernyk et al. 2009 ), oxidation of Met might directly inhibit O-phosphorylation of a nearby Ser/Thr/Tyr-residue by interfering with the kinase recognition/binding (Fig. 1) . Second, oxidation of Met in a cohort protein (e.g., CaM) might inhibit recognition/binding of the kinase to the client protein (Snijder et al. 2011) . Finally, there might be oxidation of a Met in the kinase sequence itself (for example, CaMKII) which affects activity or signaling efficiency (Cao et al. 2010; Erickson et al. 2008) . One might additionally envision similar scenarios involving protein phosphatases (e.g., Carruthers and Stemmer 2008) . In most instances, Met oxidation has a negative effect on subsequent O-phosphorylation (Table 1) , although the ultimate downstream readout can be positive. However, as is the case of HypT (Drazic et al. 2013) , there are some events immediately downstream where Met oxidation has an immediate positive regulatory effect (e.g., Met oxidation allows Ca 2+ /CaM-independent activation of CaMKII; Erickson et al. 2008) .
The oxidation of Met to MetSO reduces side-chain hydrophobicity, increases the capacity for H-bonding, and alters the spacing of the flanking amino acid residues. It is equally plausible to imagine that if there is an increase in side-chain polarity then the effects of substitution with a nonpolar side chain would be minor. While MetSO is less hydrophobic than Met, it has been reported (Chao et al. 1997 ) that in some instances, Met oxidation can actually increase the surface-hydrophobicity of a protein, presumably via conformational changes. At our present state of knowledge, it is difficult to predict the structural response upon oxidation of a given Met residue.
If Met oxidation results in a small and relatively subtle change in surface hydrophobicity, for example, then downstream affects might be the result of changes in recognition or binding by Msr, or of a kinase or phosphatase targeting a vicinal Ser/Thr/Tyr residue. However, there is also precedent for Met oxidation causing large-scale changes in protein structure (Griffiths and Cooney 2002; Wolschner et al. 2009; Pan et al. 2010; Marondedze et al. 2013) . If this were the case, it might easily lead to exposure of a previously cryptic phosphorylation site or to hide a previously exposed site.
Biological insight into crosstalk between Met oxidation and O-phosphorylation
One physiological response to an adverse environment is avoidance. This can be in the form of encapsulation for microbes (O'Meara and Alspaugh 2012; Lemire et al. 2012) or the formation of propagules such as spores or seeds (McKenney et al. 2013; Nonogaki 2014) . Typically, while in the avoiding or replicating state, metabolism is greatly reduced but not curtailed completely (Finch-Savage and Leubner-Metzger 2006), so there is ongoing ROS production (Tudzynski et al. 2012) .
Germination of both seeds and spores involves complex signaling pathways (Finkelstein et al. 2008; Setlow 2014) including O-phosphorylation (Arc et al. 2011) . It has been proposed (El-Maarouf-Bouteau et al. 2013 ) that germination takes place when ROS levels are sufficient for signaling but before ROS damage occurs (Dębska et al. 2013 ). This suggests the importance of crosstalk between Met oxidation and O-phosphorylation at the interface of dormancy, quiescence, and resumption of full biological activity.
Is Met oxidation relevant only in an oxygenic environment? Oxidatively modified proteins/peptides are excellent couriers for communicating the redox status within a cell or subcellular component (Møller et al. 2007; Møller and Sweetlove 2010) , and reversible Met oxidation could provide an equally elegant mechanism to link oxidative signals with mainstream cellular signaling in an oxidatively assaultive environment. Reactive oxygen species might be useful for communication among cellular components even under hypoxic conditions. In fact, mitochondria and cells are known to produce ROS under conditions that are virtually anaerobic (Esposti and McLennan 1998) . Thus, even in the latter context, there is an opportunity for crosstalk between Met oxidation and O-phosphorylation. The occurrence of MetSO reductase in obligate anaerobes such as the Actinomyces or Bacteroides adds credence to the possibility of PTM crosstalk even in a nonoxygenic environment.
Concluding remarks
The relative simplicity of Met belies the complexity of its structural biochemical functions. As a within-protein antioxidant, Met has been referred to as a "molecular bodyguard." Under physiological conditions, Met can be readily and reversibly oxidized to MetSO, a reaction that often precedes oxidation of other amino acid residues. The Met redox cycle is dynamic, and has been shown to regulate protein function in a wide range of cellular contexts. Recently, there have been several reports that Met oxidation inhibits neighboring Ophosphorylation. This interaction or crosstalk can depend on several factors: position of the Met residue, structural and evolutionary context of the flanking amino acid sequences, and exposure to oxidative stress (Fig. 1) . The reversible oxidation of Met might either directly or indirectly control kinase/ phosphatase interactions with their client proteins, and provides an elegant mechanism for coupling the monitoring of ROS with mainstream cellular signaling. Given the importance and ubiquity of ROS and the necessity of cellular signaling, our appreciation for the scope of regulatory crosstalk between Met oxidation and O-phosphorylation can be expected to grow rapidly in the near future.
